It is a common task to partition synergistic impacts of a number of drivers in the environmental 12 sciences. However, there is no mathematically precise solution to the partition. Here I presented a line 13 integral-based method, which concerns about the sensitivity to the drivers throughout their evolutionary 14 path so as to ensure a precise partition. The method reveals that the partition depends on both the 15 change magnitude and pathway (timing of change), and not on the magnitude alone unless for a linear 16 system. To illustrate the method, I used the Budyko framework to partition the effects on the temporal 17 change in runoff of climatic and catchment conditions for 21 catchments from Australia and China. The 18 method reduced to the decomposition method when assumed a path along which climate change occurs 19 first followed by an abrupt change in catchment properties. The method re-defines the widely-used 20 concept of sensitivity at a point as the path-averaged sensitivity. The total differential and the 21 complementary methods simply concern about the sensitivity at the initial or/and the terminal state, so 22 that they cannot give precise results. The path-average sensitivity of water yield to climate conditions 23 was found to be stable over time. Space-wise, moreover, it can be readily predicted even in the absence 24 of streamflow observations, whereby facilitates evaluation of future climate effects on streamflow. As a 25 mathematically accurate solution, the method provides a generic tool to conduct the quantitative 26 attribution analyses. 27 28
Introduction

31
It is often needed to quantify the relative roles of a few drivers to the observed changes of 32 interest in the environmental sciences. In the hydrology community, diagnosing the relative 33 contributions of climate change and human activities to runoff is of great relevance to the researchers 34 and managers as both climate change and human activities have pose global-scale impact on hydrologic 35 cycle and water resources (Barnett et al., 2008; Xu et al., 2014; Wang and Hejazi, 2001) . To date, 36 unfortunately, the quantitative attribution analysis of the runoff changes remains a challenge (Wang and 37 Hejazi, 2001; Berghuijs and Woods, 2016; Zhang et al., 2016) ; this is to a considerable degree due to a suffer from limitations including high data requirement, labor-intensive calibration and validation changes by x  and y by y  , i.e. current literature seems not to provide a mathematically precise solution. 89 The aims of this work are to propose a new and mathematically precise method to conduct 90 quantitative attribution to the drivers. The method is based on the line integer (called the LI method 91 hereafter) and takes account of the sensitivity throughout the evolutionary path of the drivers, thus 92 revising the widely-used concept of sensitivity at a point as the path-averaged sensitivity. To present 93 and evaluate the method, I decomposed the relative influences of climate and catchment conditions on 94 runoff within the Budyko framework using data from 21 catchments from Australia and China. I also 95 examined the spatio-temporal variability of the path-averaged sensitivities of runoff to climatic and 96 catchment conditions and assessed their spatio-temporal predictability. Budyko (1974) argued that the mean annual evapotranspiration (E) is largely determined by 101 water and energy balance of a catchment. Using precipitation (P) and potential evapotranspiration (E 0 ) 102 as proxies for water and energy availabilities respectively, the Budyko framework 103 relates evapotranspiration losses to the aridity index defined as the ratio of E 0 over P. The Budyko 104 framework has gained wide acceptance in the hydrology community (Berghuijs and Woods, 2016; 105 Sposito, 2017). Over past decades, a number of equations have been developed to describe the 106 framework. Among them, the Mezentsev-Choudhury-Yang's equation (Mezentsev, 1955; Choudhury, 107 1999; Yang et al., 2008) (1) 110 where (0, ) n  is an integration constant that is dimensionless, and represents catchment properties. 111 Eq. (3) requires a relative long time scale whereby the water storage of a catchment is negligible and the 112 water balance equation reduces to be R P E , where R denotes mean annual runoff. Here I adopted a 113 "tuned" n value that can get exact agreement between the calculated E by Eq.
(1) and that actually 114 encountered ( PR ).
115
The partial differentials of R with respect to P, E 0 , and n are given as: As shown in Fig. 1 
We then have:
We thus obtain an approximation of The smaller the value of , the closer to i z  the value of dz i , and then the better the approximations are.
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The approximations would become exact in the limit 0   . Taking the limit 0   then turns sum into 133 integrals and gives a precise expression (it is an informal derivation and please see Appendix A for a 134 formal one): The mathematical derivation above applies to a three-variable function as well. By doing the line 146 integrals for the MCY equation, we obtain the desired results: subperiods, I assumed that the catchment state evolved from (P 0 , E 00 , n 0 ), …,
, where the subscript "0" denotes the reference period, and "i" and "N" denotes the ith and the last 188 subperiods of the evaluation period, respectively. I used a series of line segments
, n i ) and L 1 connects (P 0 , E 00 , n 0 ) with(P 1 , E 01 , n 1 ). Then To evaluate the LI method, I compared it with the decomposition method, the total differential 195 method, and the complementary method. The total differential method approximated R  as dR: The decomposition method (Wang and Hejazi, 2011) calculated n R  as follows:
where R 2 , P 2 , and E 2 represents the mean annual runoff, precipitation and evapotranspiration of the (1 )
where the subscript 1 and 2 denotes the reference and the evaluation periods, respectively. a is a 213 weighting factor and varies from 0 to 1. As suggested by Zhou et al. (2016) , I set a = 0.5. Equation (9) 214 thus gave an estimation of P R  , 0 E R  , and n R  as follows: path, as was demonstrated clearly in Fig. 2(b) . 257 The total differentiae method is predicated on an approximate equation, i.e. Eq. (7). The LI 258 method reveals that the precise form of the equation is Table 3 ). Although the elasticity method exploits information contained over the entire observation 265 period (e.g. Zheng et al., 2009; Wang et al., 2013) , the resultant descriptive statistics of climate 266 elasticity may not be robust (Roderick and Farquhar, 2011; Liang et al., 2015) . 267 Superior to the total differential method, the sum of with the LI method ( Fig. 4) . However, the LI method often yielded values beyond the bounds given by even ten folds, between the studied catchments (Table 4 ). It was found that there were good correlations 288 between P  and P, between 0 E  and P, and between n  and n (Fig. 7 ). Fig. 8 shows that Eq. (2) and assuming n = 2 as n is typically in a small range from 1.5 to 296 2.6 (Roderick and Farquhar, 2011); 2) using P and E 0 to establish regression models; 3) using the aridity 297 index to establish regressions as it appeared to be more correlated with both P  and 0 E  than P and E 0 298 ( Fig. 7) . As shown in Fig. 9 , the three strategies have similar performance although the second one 299 seems to perform better. All of the strategies gave acceptable predictions of P  and 0 E  , but rather poor 300 results for n  as it was primarily controlled by n ( Fig. 7) . It was thus needed to seek more sophisticated 301 approaches to predict the future catchment effect on runoff in the absence of runoff observations. 302 303
Discussion
304
The LI method re-defines the widely-used concept of sensitivity at a point as the path-averaged 305 sensitivity. The method highlights the role of the evolutionary path in determining the resultant partition. 306 Yet, it seems that no studies have taken into account the path issue when evaluating the relative 307 influences of drivers. It has been a great concern for hydrologist, agricultural scientist, geoscientist, 308 catchment managers and others for more than 50 years that how much runoff change a 10% or 20% 309 change in precipitation would result in (Roderick and Farquhar, 2011; Yang et al., 2014) . The LI 310 method reveals that the answer to the question varies with both the timing and magnitude of the 311 precipitation change, not on the magnitude alone. Berghuijs and Woods (2016) claimed an asymmetry 312 between spatial and temporal partitioning of precipitation into streamflow and evaporation. 313 Unfortunately, they did not take account of the difference between the evolutionary paths over space 314 and time, which also play a role in determining the resultant partitioning. to climate but highly variable to catchment properties, suggesting that it is reliable to predict future 335 climate effects using earlier observations but care must be taken when predicting the catchment effects. 336 Space-wise (between catchments) the runoff sensitivity was highly variable both to climatic and 337 catchment conditions, but it can be well depicted by the long-term means of the climatic and catchment 338 conditions. As a mathematically accurate scheme, the LI method has the potential to be a generic 339 attribution approach in the environmental sciences.
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Data availability 342 The data used in this study are freely available by contacting the authors.
343 344
We define that the curve L in Fig. 1 is given by a parametric equation: x = x(t) , y = y(t), 
, and after using the chain rule to differentiate g with respect to t, we obtain:
It shows that () gt  is just the integrand in Eq. (A1), Eq. (A1) can then be rewritten as: 359 The right-hand side of the equation 
12
The result differs depending on L but the sum of Notes that a constant C R or P implies that dC R = 0 or dP = 0. Eq. (C1) then becomes: Appendix D: Derivation of
If we partition the interval [x 0 , x N ] in Fig. 1 into N distinct bins of the same width Δx i =Δx/N. Eq.
400
(3a) can then be rewritten as: The result can readily be extended to a function of three variables. Applying the mathematic 406 derivation above to the MCY Equation results in a precise form of Eq. (7): 92 1933-1955 1956-2008 1998-2008 2 16.64 32.9 634 1087 3.16 1. 71 1979-1984 1985-2008 1999-2008 3 559 183 787 780 2.68 0.99 1960-1978 1979-2000 1993-2000 (dimensionless) is the parameter representing catchment properties in the MCY equation. AI is Subperiod" denotes the last one, which was used as the evaluation period for the total differential 538 method, the decomposition method and the complementary method. The bold and italic rows denote 539 that the column "Evaluation Period" is the same as the column "The Last Subperiod". method is equivalent to the LI method that assumes a sudden change in catchment properties following 614 climate change. In this case, the integral path of the LI method is the broken line AB+BC in Fig. 1 , where the subscript "1" 617 denotes the reference period and "2" denotes the last subperiod of the evaluation period. where O and P are values that actually encountered (given in Table 4 ) and predicted using Eq.
(2) 678 respectively, and N is the number of selected catchments. 
